Abstract The most recent major eruption at Rabaul was one of the largest known volcanic events at this complex system, having a volcanic explosivity index (VEI) rating of 6. The eruption generated widespread pumice lapilli and ash fall deposits and ignimbrites of different types. The total volume of pyroclastic material produced in the eruption exceeded 11 km 3 and led to a new phase of collapse within Rabaul Caldera. Initial 14 C dating of the event yielded an age of about 1400 years BP, and the eruption became known as the B1400 BP^eruption. Previous analyses of the timing of the eruption have sought to link it to events in AD 536 and AD 639. However, we have re-evaluated the age of the eruption using the Bayesian wiggle-match radiocarbon dating method, and the eruption is now thought to have occurred in the interval AD 667-699. The only significant equatorial eruptions recorded in both Greenland and Antarctic ice during this interval are at AD 681 and AD 684, dates that coincide with frost rings in bristlecone pines of western USA in the same years. Definitively linking the Rabaul eruption to this narrow age range will require identification of Rabaul tephra in the ice records. However, it is proposed that a new working hypothesis for the timing of the most recent major eruption at Rabaul is that it occurred in the interval AD 681-684.
Introduction
The latest major eruption from Rabaul Volcano, New Britain Island, Papua New Guinea, is well documented in many respects. The initial description of the deposits of the eruption formed part of a series of studies of the geology and petrology of Rabaul Caldera (Heming 1974; Heming and Carmichael 1973; Peterman and Heming 1974; Heming 1977 ). This work was followed by a considerably more detailed examination of the deposits and their eruption mechanisms (Walker et al. 1981) . However, the timing of the eruption has not been determined precisely and analyses of available 14 C dates have produced different and confusing results.
The timing of the eruption was initially determined to be approximately 1400 years BP (Heming 1974 ) from a small number of 14 C dates. Additional 14 C and thermoluminescence dates (Nairn et al. 1989 supported this timing. Thus, the event became popularly known as the B1400 BP^eruption. However, different analyses of the 14 C data have arrived at different conclusions on the calendar year age of the eruption, linking the event variously to severe atmospheric effects that began in AD 536 (Stothers and Rampino 1983; Stothers 1984) , and to ice core high-acidity levels at AD 639-640 (McKee et al. 2011) .
This study reviews the published 14 C dates and the previous analyses of the timing of the latest major eruption at Rabaul, and presents new high-precision 14 C results from Bayesian Bwiggle match^core-rim dating of a section of a large charcoalised log hosted by a component of the pyroclastic flow deposits of the eruption. The new results indicate an age in the range of AD 667-699. The latest major eruption from Rabaul volcano Heming (1974) identified widespread dacitic pumice lapilli and ash fall deposits and overlying pyroclastic flow deposits that form a surficial blanket over a large area around Rabaul as the products of the latest major activity from vents within Rabaul Caldera. The bedded fall deposits were reported to be over 15 m thick at one location near the northwestern rim of the caldera, while the pyroclastic flow deposits attain thicknesses as great as 30 m. Deposit thickness measurements and the areal extent of the deposits, at least 650 km 2 , allowed Heming (1974) to estimate the volume of erupted pyroclastic products to be 24 km 3 . Petrological details of the eruptive products were presented by Heming (1974) and a high magmatic quench temperature was determined by Heming and Carmichael (1973) . Walker et al. (1981) carried out extensive measurements including granulometric studies on samples from more than 80 sites located as much as 25 km from the caldera to characterise the deposits of the eruption. The fall deposits were identified as the products of a Plinian eruption and the broad dispersal indicative of a high eruption column. Collapse of the Plinian eruption column led to the development of pyroclastic flows. These flows consist of a thin and extensive landscapeblanketing ignimbrite veneer deposit, and normal, ponded valley-fill type ignimbrite. Sedimentation of mainly lithic fragments from the ignimbrite led to the formation of a ground layer which underlies the main part of the ignimbrite. A variant of the ignimbrite found nearer to the source is depleted in fine-grained fragments and contains complete charcoalised logs, but these are not abundant. The ignimbrite is mostly non-welded and is a type-example of Blow-aspect-ratio^ig-nimbrite (Walker et al. 1980) . The volume of the pyroclastic deposits generated by the eruption was calculated to be not less than 11 km 3 (Walker et al. 1981) . The eruption has been assigned a volcanic explosivity index (VEI) rating of 6 (Newhall and Self 1982) .
In later accounts of the detailed geological mapping of Rabaul Caldera and surrounding area (Nairn et al. 1989 and of the related petrological and geochemical studies , the products of the latest major eruption were referred to as the Rabaul Pyroclastics Formation. Two members of the formation were identified-the Rabaul Ignimbrite and the Rabaul Plinian Fall, both after Walker et al. (1981) .
Single-sample radiocarbon dating Summary of published 14 
C dates
A total of four single-sample 14 C dates from charcoal fragments contained within the deposits of the Rabaul Pyroclastics Formation was obtained by Heming (1974) . One additional date was obtained from the palaeosol beneath these deposits. Nairn et al. (1989) 
Calendar year calibration
Calendar year calibrations with 1 and 2 σ ranges derived from OxCal v 3.10 (Bronk Ramsey 2005) and using the northern hemisphere calibration curve, IntCal09 (Reimer et al. 2009 ), were also reported by McKee et al. (2011) , and are recalibrated here with IntCal13 ) as shown in Table 2 . The calibration results indicate seventh century AD timing for the Rabaul Pyroclastics eruption. Calendar year ages were also reported by Heming (1974) but those results were not calibrated and represent simple arithmetic differences between the 14 C dates and AD 1950.
Remarks
The process of calculating the weighted mean of a set of 14 C dates assigns greater significance to the more precise dates i.e., those with smaller uncertainties. This process may be justified statistically as it addresses analytical quality. However, it does not take into account the history of the dated material, particularly whether that material was alive and part of the carbon cycle at the time of the charcoalising event.
There will be a natural spread of the radiocarbon dates of the charcoal fragments produced when a forest, including mature trees several decades to more than a century old, is overwhelmed by a hot pyroclastic flow. Many of the charcoal fragments will be from older growth parts of shattered trees and the dates obtained from them will be older than the age of the charcoalising event. The spread of 14 C dates from charcoal within the Rabaul Pyroclastics deposits (Table 1) appears to reflect this situation, being skewed to somewhat older dates. Thus, many of the dates will be less reliable indicators of the timing of the charcoalising event. It follows that use of these data in averaging processes will also produce less reliable results.
More accurate timing of volcanic eruptions using the single-sample radiocarbon method may be achieved by the dating of younger growth parts of vegetation such as bark and twigs. Greater accuracy in timing will also result from use of the wiggle-match radiocarbon dating technique as long as the tree sample is complete to the outer growth rings.
Bayesian wiggle-match radiocarbon dating
High-precision core-rim 14 
C dating
Bayesian wiggle-match dating uses multiple high-precision 14 C dates from a sequence with known calendar year spacing between samples, such as tree rings, and then finds the best match for the sequence of dates against the 14 C-calendar year calibration curve. In dating a charcoalised log, if we assume that the log was a living tree at the time of the charcoalising event, in this case, passage of a hot pyroclastic flow, the outermost section of the log will yield a 14 C date close to the time of the charcoalising event, and the inner parts of the log, progressively from rim to core, will yield successively earlier 14 C dates.
For the purpose of wiggle-match dating, we collected a section of a large charcoalised log from the fines-depleted ignimbrite of the Rabaul Pyroclastics deposits at a location near the southern rim of the caldera. The charcoalised log had a diameter of about 35 cm, indicating that the tree had been growing for a considerable period of time prior to the time of the eruption. There were 230 rings with a continuous outer ring which ran to the underbark surface (Fig. 1) . The tree was of a conifer species (Dr J. Pilcher, pers. comm.) with clear ring boundaries and no sign of problem rings. Samples were cut in 20-year blocks starting from the outer ring (Table 3) .
The samples were pretreated using the % acid-alkali-acid method (4 % HCl at 80°C for 2 h, 2 % NaOH at 80°C for 2 h, 4% HCl at 80°C for 2 h and rinsed to neutral after each step). The samples were then dried, combusted in a flow of oxygen, converted to benzene and analysed by liquid scintillation counting in the Queen's University Belfast Radiocarbon Laboratory in 1994. The radiocarbon ages were normalised for δ 13 C fractionation and calculated according to Stuiver and Polach (1977) . The results of the high-precision 14 C dating from the inner wood to the rim of the log are shown in Table 3 .
The set of dates in Table 3 has a range similar to that of the dates obtained from single-sample radiocarbon dating (Table 1 ). The succession of dates from the inner wood to the rim is systematic except for one date in the middle of the sequence: sample UB-3806 yielded a date of 1435±21 years Fig. 1 The sampled charcoalised log in situ hosted by ignimbrite of the Rabaul Pyroclastics Formation. The log is complete to the underbark. Photo courtesy of Rabaul Volcano Observatory BP, which is older than the date for the innermost part of the log analysed, and hence may be an outlier. However, the calibration curve does contain numerous reversals that could satisfactorily explain the apparently anomalous date for UB-3806.
Calendar year calibration
Calendar year calibration is complicated by uncertainty over the use of either northern hemisphere or southern hemisphere calibration curves. For a near-equatorial location such as Rabaul, the choice is equivocal. However, Papua New Guinea lies very close to the January inter-tropical convergence zone so the site most likely was influenced by northern hemisphere air masses. In addition, the southern hemisphere calibration curve SHCal13 ) is dominated by tree rings from New Zealand which would be strongly influenced by upwelling in the Southern Ocean (McCormac et al. 1998 ). The radiocarbon dates were modelled using a D_Sequence (wiggle-match) in OxCal v4.1 (Bronk Ramsey et al. 2001; Bronk Ramsey 2009a) with the northern hemisphere calibration curve (IntCal13). A gap of 20 years was included between each sample mid-point and 10 years between the outermost sample mid-point and the last ring. The SSimple outlier model (Bronk Ramsey 2009b) was used with a prior probability of 5 % for each sample being an outlier. To account for a possible laboratory offset the Delta_R function was used. An offset of −20±20 was selected based on the documented difference between the Waikato and Belfast laboratories of −3.9±2.5 for tree rings from the period AD 955 to AD 1945 (McCormac et al. 2002 . The sample UB-3806 had a posterior outlier probability of 12 % and all other samples were below 6 %. The succession of five wiggle-match dates gave a modelled age of AD 667-699 for the last ring at 95.4 % confidence levels (Fig. 2a) . Taking UB-3806 out of the model gives a wider age range of AD 672-719 (Fig. 2b) ; however, as there is no good reason to discard UB-3806, for the purposes of this paper, we will use AD 667-699 as the most probable timing of the Rabaul Pyroclastics eruption. It is possible that this suggested age dating can be further refined using evidence of volcanic activity from other chronologies such as ice cores and tree rings.
Calibrated ages and other chronologies
Large explosive volcanic eruptions inject massive quantities of ash and aerosol-forming gases into the stratosphere often forming Bdry fogs^. The aerosols are predominantly sulphurous and are produced when volcanic SO 2 and water vapour combine to form sulphuric acid droplets. Other common volcanic gases that comprise the aerosols may include compounds of chlorine and fluorine. Solar radiation, absorbed and back-scattered by the volcanic clouds, produces haziness and lowers the atmospheric and surface temperatures, hence the term Bvolcanic winter^for this phenomenon. Reports of the atmospheric veiling and optical effects such as unusual twilights, mock suns and Bishop's rings induced by dry fogs may be the only immediate evidence in some cases of major eruptions which were not observed directly (Lamb 1970; Stothers and Rampino 1983) . Short-term climatic cooling associated with some large eruptions may be recorded by frost rings in trees at high latitudes (e.g., LaMarche and Hirshboeck 1984; Briffa et al. 1990; Salzer and Hughes 2007) . Also, the precipitation of volcanic aerosols on glacial ice of the Greenland and Antarctic Ice Sheets may be preserved as high-acidity levels in the ice sheets (e.g., Zielinski et al. 1994; Hammer et al. 1997) . Although tree rings can be resolved to specific calendar years, ice core dates can be offset by a few years (Larsen et al. 2008) and it has been robustly suggested that in the sixth and seventh centuries, the European ice dates (GICC05) may be too old by about 7 years (Baillie 2008; Baillie and McAneney 2015) .
Using this revised timescale, a search of available ice core records for the period covered by the wiggle-match dating, AD 667 to 699, revealed two high-acidity horizons in both Greenland (Sigl et al. 2013) and Antarctic ice cores (Sigl et al. 2013; Plummer et al. 2012 ) consistent with frost rings in bristlecone pines in western USA at AD 681 and AD 684 (Baillie and McAneney 2015) . The presence of acid in both ice sheets is indicative of probable equatorial eruptions (Baillie and McAneney 2015) . Whether the Rabaul eruption can be definitively linked to this environmental evidence of volcanic activity, and so refine the timing of the eruption, is dependent on ultimate identification of Rabaul tephra in the ice records (e.g., Coulter et al. 2012) . 
C dating
The main advantage of wiggle-match dating over singlesample 14 C dating is that it reduces the calibrated age ranges. This, combined with careful selection of the material to be dated, yields more reliable results on the timing of the charcoalising event. The incorporation of abundant large charcoalised logs in pyroclastic deposits is commonly a good indication that the logs originated from a landscape that was vegetated until the time of the passage of the pyroclastic flow. Determination of a sequence of dates from the core to the rim of a charcoalised log not only ensures that the youngest part of the tree is dated but also that the sequence of dates can be compared more confidently with the calendar year calibration curve.
For single-sample 14 C dating, when only scattered fragments of charcoal are present, there is no way of knowing which part of a tree is represented by an individual fragment. Also, some charcoal fragments may be exotic and may predate the charcoalising event. Consequently, the date obtained from a fragment of charcoal will carry an uncertainty relating to sampling that is difficult to quantify. Individual dates from multiple samples will produce a range of ages that tend to be older than the age of the charcoalising event and calculation of weighted means will merely provide a statistical average of these Bolder than^dates.
The weighted mean age of the previously published 14 C dates on charcoal from the Rabaul Pyroclastics was 1380± 34 years BP, almost 100 radiocarbon years older than the date for the outermost part of the log analysed by the wiggle-match technique. It is likely that the weighted mean age is too old by about 100 years, which in turn would make the calibrated age too old by a significant time period. Thus, correlation of the previously calibrated age with ice core acidity peaks at AD 639 and AD 640 (McKee et al. 2011) can be taken to be erroneous.
Mystery cloud of AD 536
The mystery cloud of AD 536 was the densest and most persistent dry fog on record (Stothers 1984) . Observed in Europe and the Middle East in AD 536-537, it caused severe dimming of the sun resulting in cold conditions and poor harvests of crops. High-acidity levels in ice cores from Greenland at AD 540±10 and at AD 533-534±2 (Hammer et al. 1980; Larsen et al. 2008) , and from Antarctica at AD 542±17 (Larsen et al. 2008) have been suggested to be associated with this dry fog.
An eruption at Rabaul was tentatively inferred to be responsible for the mystery cloud (Stothers and Rampino 1983; Stothers 1984) . However, with the revision of the age of the Rabaul Pyroclastics eruption to AD 667-699, any suggested link between the mystery cloud of AD 536 and a major eruption at Rabaul can now be dismissed. Additionally, the original basis for the claimed association can be seen to be erroneous. The 14 C age used as the basis for the link was the average of two dates from Heming (1974) : 1430±90 years BP and 1390±90 years BP, which were arithmetically converted to calendar year dates of AD 520 and AD 560. However, they are not calibrated ages. Calibration of the two original 14 C dates would have resulted in calendar year ages about one century later than the mystery cloud of AD 536 and the ice core acidity peaks of AD 533-542, eliminating any possibility of a link between the Rabaul Pyroclastics eruption and the observed and recorded atmospheric and surface effects of the mystery cloud.
Conclusions
The results of new high-precision Bayesian wiggle-match dating from the inner wood to the rim of a large charcoalised log hosted by pyroclastic deposits from Rabaul Volcano have led to revision of the age of the latest major eruption at Rabaul to AD 667-699 at 95.4 % confidence levels.
Evidence from other chronologies, including acidity peaks in Greenland and Antarctic ice that can be linked to frost rings in bristlecone pines of western USA, indicates two major volcanic eruptions from equatorial sources within the revised age range for the Rabaul Pyroclastics eruption, at AD 681 and AD 684.
Further investigation, involving identification of Rabaul tephra in the ice records, is required to definitively refine the timing of the Rabaul eruption, but based on the evidence presented here, we propose that a new working hypothesis for the date of this volcanic event is AD 681-684.
